Abstract-Antenna tilt angles having a relation to element spacings are among the important radar design parameters. The optimum tilt angles are derived theoretically: four types of uniform and nonuniform linear arrays are considered and Chebyshev array factors are used as a nonuniformly excited array case.
I. INTRODUCTION
In elevation-scanned phased-array antennas, the number of radiator rows is one of the important factors in minimizing both cost and weight, which are proportional to the number of radiator rows. Thus, antenna tilt angles having a relation to element spacings are important design parameters in a radar system design.
Optimization of the directivity has been studied quite exhaustively [1] - [3] : these studies are mostly concerned about broadside arrays. Optimum tilt angles for elevation-scanned phased-array were studied in [5] : however, only limited calculations were reported in the work and the overall antenna gain for the horizon beam was oversimplified to be applied to several types of antenna arrays.
In this letter, the optimum tilt angles for several types of uniformly and nonuniformly excited arrays are investigated theoretically.
II. MAXIMUM DIRECTIVITY AT THE HORIZON
In practical antenna designs, tilt angles between 0 and 20 are typical as a tradeoff between the horizon scan loss due to the tilt and the effective antenna aperture due to row spacing.
The numbers of rows and columns yield the effective antenna height h and width w, respectively. The antenna is tilted at an angle t and the beam scans from the horizon to the highest beam position h . Relative to the planar-array normal in broadside, the highest and horizon beam angles are denoted by m and t , respectively.
Under the condition that the antenna scan loss at the horizon is cos t and the maximum allowable low spacing is selected; the directivity at the horizon can be approximated by the product of the broadside gain and scan loss. Thus, the directivity at the horizon is [4] D h cos t 1 + sinm : (1) By using (1), approximate optimum tilt angles can be obtained. However, this approximation is too rough to be applied to several types of antennas. 
A. Uniformly Excited Equally Spaced Linear Arrays
It is assumed that the elements of the array are placed along the z axis. The array factor for such arrays is then given by [5] g() = sin N and f(; ), a0, a1, and a2 are listed in Table I 
Some results are plotted in Fig. 1 . Note that the optimum tilt angle is close to 2 when N is large except the parallel dipole case. This is mainly because the increase of tilt angle beyond this limit (t =
2 ) leads to a considerable degradation of the horizon directivity.
B. Nonuniformly Excited Equally Spaced Linear Arrays
Assume that the element positions along the z axis are z n and the element current amplitudes are An. 
where (10), shown at the top of the page, b n;p = 1 
Then the optimum tilt angle is obtained as in (6).
Some results are plotted in Fig. 2 . The Dolph-Chebyshev (SLL = 030 dB) current distribution is considered, where SLL stands for side-lobe level. From Figs. 1 and 2, it is seen that the optimum tilt angles for nonuniform linear arrays is close to those for uniform linear arrays: as the number of array elements increases, they become closer and closer.
III. CONCLUSION
The results obtained indicate that for most practical requirements with elevation beam between 45 and 70 , the optimum tilt angle that has maximum directivity at the horizon should be around 20 and 35 . The values of the optimum tilt angles are very close to 2 when N is sufficiently large.
